We investigate the stellar population properties of a sample of 24 massive quenched galaxies at 1.25 < z spec < 2.09 identified in the COSMOS field with our Subaru/MOIRCS near-infrared spectroscopic observations. Tracing the stellar population properties as close to their major formation epoch as possible, we try to put constraints on the star formation history, post-quenching evolution, and possible progenitor star-forming populations for such massive quenched galaxies. By using a set of Lick absorption line indices on a rest-frame optical composite spectrum, the average age, metallicity [Z/H], and α-to-iron element abundance ratio [α/Fe] are derived as log(age/Gyr) = 0.18 −0.09 , respectively. Pure passive evolution to z = 0 brings the z = 1.6 quenched galaxies to the parameters in excellent agreement with local counterparts at similar stellar velocity dispersions, which qualifies them as progenitors of local massive early-type galaxies. Redshift evolution of stellar population ages in quenched galaxies combined with the low redshift measurement from the literature suggests a formation redshift of z f ∼ 2.5 around which the bulk of stars in these galaxies have been formed. The measured [α/Fe] value indicates a star formation time scale of 350 Myr which can be translated into a specific star formation rate of 3 Gyr −1 prior to the quenching. Based on these findings, we discuss to identify possible progenitor star-forming galaxies at z 2.5 and find normal star-forming galaxies, i.e, those on the star-forming main sequence, followed by quenching event invoked by some internal mechanisms as likely precursors of quenched galaxies at z = 1.6 presented here.
1. INTRODUCTION Galaxies at any cosmic epoch appear to spend most of their active phase on the so-called "main sequence" of star-forming galaxies in which the star formation rate (SFR) is tightly correlated to the galaxy stellar mass (M), with a scatter of only ∼ 0.3 dex (e.g., Brinchmann et al. 2004; Daddi et al. 2007; Elbaz et al. 2007; Noeske et al. 2007; Pannella et al. 2009; Magdis et al. 2010; Peng et al. 2010b; Karim et al. 2011; Rodighiero et al. 2011 Rodighiero et al. , 2014 Salmi et al. 2012; Whitaker et al. 2012 Whitaker et al. , 2014 Kashino et al. 2013; Speagle et al. 2014 ). In several of these studies the star-forming main sequence has a slope that is nearly independent of redshift while in others it shows appreciable evolution. However, all studies agree that it shows strong evolution in normalization, with a factor of ∼ 20 higher SFR at given stellar mass by z ∼ 2 compared to the present day Universe, with a nearly constant scatter of ∼ 0.3 dex. This suggests that star formation in galaxies on the main sequence is self-regulated in a quasi-steady state, being fed by accretion of cold gas coming in and powering galactic winds going out Bouché et al. 2010; Davé monodera@phys.ethz.ch 1 Based on data collected at the Subaru telescope, which is operated by the National Astronomical Observatory of Japan. (Proposal IDs: S09A-043, S10A-058, and S11A-075). Lilly et al. 2013 , see Kelson 2014 for a different interpretation of the star-forming main sequence).
Passively evolving galaxies which show fully quenched or barely detectable amounts of star-forming activity have also been identified out to z ∼ 2 and beyond (e.g., Cimatti et al. 2004 Cimatti et al. , 2008 Glazebrook et al. 2004; Daddi et al. 2005; Kriek et al. 2008; Onodera et al. 2010 Onodera et al. , 2012 van de Sande et al. 2011 Bedregal et al. 2013; Bezanson et al. 2013; Gobat et al. 2013; Krogager et al. 2013; Whitaker et al. 2013; Belli et al. 2014b,c) , including one at z = 3 (Gobat et al. 2012) . Various physical processes responsible for quenching star formation in star-forming main sequence galaxies are currently considered and debated, such as suppression of cold gas streams in dark matter halos above a critical mass (Birnboim & Dekel 2003) , radio-mode (Croton et al. 2006) or quasarmode (Hopkins et al. 2006) feedback from active galactic nuclei (AGN), and suppression of disk instabilities against fragmentation into massive star-forming clumps (so-called "morphological" or "gravitational" quenching, Martig et al. 2009; Genzel et al. 2014b) .
Fossil records imprinted in the stellar populations of quenched galaxies (i.e., age, metallicity [Z/H] and α-element to iron abundance ratio [α/Fe]) give clues on when back in time quenching took place, and on the time scales over which the stellar mass had been built up. Extensive studies have been carried out to measure these quantities in local quenched galaxies, especially using a set of absorption line strength indicators known as the Lick indices (e.g., Burstein et al. 1984; Carollo et al. 1993; Worthey et al. 1994; Worthey & Ottaviani 1997; Trager et al. 1998 Trager et al. , 2000 Trager et al. , 2008 Thomas et al. 2005 Thomas et al. , 2010 Sánchez-Blázquez et al. 2006a; Yamada et al. 2006; Kuntschner et al. 2010; Spolaor et al. 2010; Greene et al. 2012 Greene et al. , 2013 . These studies indicate that in the local Universe the most massive (M > 10 11 M ) among the quenched galaxies are the oldest, most metal-rich, and most α-element enhanced, i.e., they typically host 10 Gyr old stellar populations, with solar or above solar metallicities and enhanced [α/Fe] ratios up to about 0.5 dex compared to the solar ratio. The enhanced [α/Fe] ratio favors a dominance of Type II supernovae (SNe) in chemical enrichment relative to Type Ia SNe, which in turn implies a short time scale for star formation and quenching (e.g., Matteucci & Greggio 1986; Thomas et al. 1999) .
Stellar population ages of quenched galaxy population have been used as an indicator of the formation epoch when the bulk of stars have formed (e.g., Kelson et al. 2001) . These ages are derived via the strengths of Balmer absorption lines such as Hβ, Hγ, and Hδ which change very rapidly in the stellar populations younger than several Gyr, while the changes become much milder at older ages. For instance, stellar population synthesis models by Thomas et al. (2011) predict that for solar metallicity and element abundance ratios the Lick Hβ index changes by ∼ 2 Å for ages between 1 and 5 Gyr, while the change becomes only 0.3 Å between 5 and 10 Gyr. The reduced age sensitivity of the Hβ index at older ages can then make quite uncertain the derived formation redshift of local quenched galaxies, even if very high signal-to-noise ratios (S/N), e.g., 100, can be achieved for such nearby objects (e.g., Yamada et al. 2006; Conroy et al. 2014) . At higher redshifts, where the galaxies are closer to their quenching epoch, the Lick Balmer-line indices are instead more sensitive to age and therefore more precise estimates can be made for the formation redshift of quenched galaxies and for the nature of their precursors.
Stellar population analyses based on the Lick spectral indices have so far reached intermediate redshifts (z ∼ 0.9), indicating high metallicities, [α/Fe] ratios for the most massive quenched systems, similar to those of local quenched galaxies of the same mass, and a formation redshift of z f > 2 ( Kelson et al. 2006; Jørgensen & Chiboucas 2013 , see also Choi et al. 2014 for the results based on the full spectral fitting method).
In this paper we construct a composite spectrum by stacking the spectra of 24 quenched galaxies at 1.25 < z < 2.09 taken with Multi-Object Infrared Camera and Spectrograph (MOIRCS; Ichikawa et al. 2006; Suzuki et al. 2008 ) on the Subaru telescope, thus pushing the measurement of stellar population parameters via Lick indices out to an average redshift of z = 1.6. Using the measured properties in galaxies still close to their quenching epoch we derive more precise estimates for their formation time scale and time elapsed since their quenching, and identify their possible star-forming precursors.
The paper is organized as follows. In Section 2, we present the sample galaxies and their composite spectrum. The measurement of Lick indices and the derivation of stellar population parameters (age, [Z/H] , and [α/Fe]) are described in Section 3 and Section 4, respectively. In Section 5 we discuss the star formation history (SFH) of the quenched galaxies at z = 1.6, along with their possible descendants and precursors at different redshifts. Finally, we summarize our results in Section 6. Throughout the analysis, we adopt a Λ-dominated cold dark matter (ΛCDM) cosmology with cosmological parameters of H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3, and Ω Λ = 0.7 and AB magnitude system (Oke & Gunn 1983 ).
2. DATA 2.1. Sample We have selected 24 quenched galaxies with robust spectroscopic redshifts in the range 1.25 < z < 2.09, derived from spectra obtained with the MOIRCS instrument at the Subaru telescope. For the detailed description of the observations and data reduction, we refer Onodera et al. (2012) . Briefly, all objects have first been selected as passive BzK galaxies ) based on the near-IR-selected photometric catalog in the COSMOS field (Scoville et al. 2007; McCracken et al. 2010) , with two additional criteria: a photometric redshift z 1.4 and no mid-IR detection at 24 µm with MIPS at the Spitzer Observatory. The redshift selection was allowing us to observe in most cases their 4000 Å break with the adopted instrument setup. The objects have been integrated for 7-9 hours each, under 0.4-1.2 arcsec seeing conditions, with 0.7 arcsec slit width and using the zJ500 grism which gives a spectral resolution of R ∼ 500. The data have been reduced with the standard MCSMDP package (Yoshikawa et al. 2010) , including flat-fielding, bad pixel and cosmic-ray removal, sky subtraction, distortion correction, and wavelength calibration by OH sky lines. Flux calibration has been done with A0V stars taken in the same nights as the object spectra and the slit-loss has been corrected by scaling the continuum flux to the J-or H-band broad-band fluxes. The redshifts have been measured by cross-correlating the spectra either with simple stellar population (SSP) template spectra Bruzual & Charlot (2003) or with stellar template spectra (Sánchez-Blázquez et al. 2006b ). Figure 1A shows the redshift distribution of the sample. The mean and median redshifts are 1.56 and 1.59, respectively, with a standard deviation of 0.21. One can notice that virtually all objects belong to redshift spikes. Among the 24 objects, 14 have been already published (Onodera et al. 2010 (Onodera et al. , 2012 and the other 10 objects have been identified in an observing run in 2011. We have removed 4 objects among the 18 identified in Onodera et al. (2012) : object ID 313880 because of the presence of Spitzer/MIPS 24µm emission, which could originate from star-forming activity or an active galactic nucleus (AGN), and ID 209501, 253431, and 275414 due to the lower confidence class for their spectroscopic redshifts.
Stellar masses and specific star formation rates
We have estimated stellar masses and star formation rates by fitting synthetic spectral energy distributions (SEDs) to fluxes through broad-bands extending from the u to the Spitzer/IRAC 8.5 µm band and using the FAST code 2 (Kriek et al. 2009 ) as described in detail in Onodera et al. (2012) . In brief, we find a best-fit model within a grid of templates based on Charlot & Bruzual (2007) stellar population synthesis models 3 adopting an exponentially declining SFH with various e-folding times τ . Dust extinction was also allowed adopting the extinction law by Calzetti et al. (2000) . The 
Note. -Effective radii are circularized, i.e., re = a √ q, where a and q are semi-major axis length and axis ratio, respectively. a The GALFIT run was carried out by fixing n = 1 (Onodera et al. 2012 ). Salpeter initial mass function (IMF; Salpeter 1955) has been adopted, which may be appropriate for galaxies as massive as those in our sample (Shetty & Cappellari 2014) . Age, mass, τ and metallicity are then the results of the procedure, having fixed redshifts at the spectroscopic values. The resulting stellar masses 4 are in the range 11 < log M/M < 11.9, with a median of log M/M = 11.4 as shown in Figure 1B .
The MOIRCS spectra confirm the quenched nature of these galaxies, as they show no emission lines, a strong break at rest-frame 4000 Å and strong absorption lines typical of old stellar populations. All objects have specific SFR (sSFR ≡ SFR/M) below 10 −11 yr −1 , as derived from the best-fit exponentially declining SFH, which corresponds to a sSFR about 4 Sum of living stars and remnants. two orders of magnitude lower than that of main-sequence galaxies at a similar redshift (e.g., Kashino et al. 2013 ).
Structural parameters
The effective radii, r e , and Sérsic indices, n, of the 10 additional objects from the 2011 observing run have been measured in exactly the same way as was done for the rest of the sample presented in Onodera et al. (2012) . In brief, we have used GALFIT 5 version 3.0 (Peng et al. 2002 (Peng et al. , 2010a ) to carry out a 2D Sérsic profile fitting for the images taken in the F814W filter with Advanced Camera for Surveys (ACS) on the Hubble Space Telescope (HST) (Koekemoer et al. 2007; Massey et al. 2010) . For each galaxy the point spread function (PSF) is constructed from nearby unsaturated stars. Three fitting runs with different treatment of sky background have been executed: (1) sky as a free parameter; (2) sky fixed to the so-called pedestal GALFIT estimate; and (3) sky manually measured from empty regions near the sample galaxy. We have employed the midpoints between the minimum and maximum of these runs, and half of the ranges as associated errors, for effective radius, Sérsic parameter, total magnitude, and axial ratio. GALFIT run did not converge for objects 406178 and 531916 due to low surface brightness in the F814W filter.
Object ID, coordinates, spectroscopic redshift, stellar mass, effective radius and Sérsic index for all the galaxies in the sample are listed in Table 1 . (arbitrary scaled)
Stacked spectrum Best-fit Figure 2 . Composite rest-frame optical spectrum of the 24 quenched galaxies at z ∼ 1.6. (A) The number (left axis) and fraction (right axis) of spectra that have been stacked at each wavelength. (B) The stacked spectrum and associated 1σ error (orange solid line and filled region, respectively). The green solid line shows the best-fit combination of stellar spectra (Sánchez-Blázquez et al. 2006b ), using pPXF (Cappellari & Emsellem 2004) . The rectangles show the wavelength ranges used to measure the Lick indices of the stacked spectrum, though the Hβ index is not used in our stellar population analysis.
In order to achieve an high S/N as needed for the measurement of the Lick indices a composite spectrum has been constructed by stacking the individual galaxy spectra. Stacking has been carried out in the same way as described in Onodera et al. (2012) : all spectra have been registered to the rest-frame wavelength by linearly interpolating on 1 Å interval, and normalized by the mean flux at 4500 < λ(Å) < 5200 in the restframe. Noise spectra have also been registered to the same rest-frame wavelength scale, but interpolated in quadrature. Then the spectra have been co-added with weights proportional to the inverse square of the signal-to-noise ratio at each wavelength pixel.
To correct possible sampling bias, the associated noise spectrum has been computed with the jackknife method as
where N (= 24) is the number of objects in the sample, f is the flux of the stacked spectrum of all N spectra, and f (i) is the flux of a stacked spectrum made of N − 1 spectra by removing the ith spectrum. The stacked spectrum has then been corrected for the bias as
The typical correction factor is very small (< 1%) in the wavelength range studied in this work, but it represents a more realistic noise due to OH sky line residuals which significantly vary from pixel to pixel. We have adopted f and σ Jack as final stacked spectrum and 1σ noise spectrum, respectively. The resulting composite spectrum, corresponding to an equivalent integration time of about 200 hours on Subaru/MOIRCS, is shown in Figure 2 . It shows several clear absorption features including the 4000 Å break, Ca II H+K lines, various Balmer absorption lines, the G-band, and Mg and Fe absorption features, which will be used in the next section to derive the stellar population parameters.
3. MEASUREMENT OF LICK ABSORPTION LINE INDICES The Lick indices have been measured on the stacked spectrum using LECTOR 6 , following the definition by Worthey & Ottaviani (1997) and Trager et al. (1998) . Measurement of each index has been done via Monte Carlo simulation by perturbing the stacked spectrum with normally distributed random noise at each wavelength pixel and measuring the indices. The procedure has been repeated 1,000 times and then we have adopted the mean value and standard deviation of the distribution as the index value and associated 1σ uncertainty. The Lick indices measured on the stacked spectrum with the observed spectral resolution are listed in the second column in Table 2. 3.1. Broadening measurement and stellar velocity dispersion Measurements of Lick indices strongly depends on the broadening of the spectra: the larger the broadening, the shallower the absorption features and more likely part of the spectral feature falls outside the index windows. The total broadening (σ tot ) is a combination of the intrinsic stellar velocity dispersion (σ ) of the object, instrumental resolution (σ instr ), and stacking procedure reflecting redshift errors (σ stack ), and can be expressed as σ (Sánchez-Blázquez et al. 2006b ). The best-fit combination of the templates is shown with the green solid line in Figure 2 .
Adopting the same procedure as Cappellari et al. (2009) , σ stack can be computed as σ stack ≈ c∆z/(1 + z) where c is the speed of light and ∆z is the redshift error. We compute σ stack for all objects used for stacking, and derive the average as σ stack = 101 ± 83 km s −1 by using the bi-weight estimator (Beers et al. 1990 ). This σ stack could be a conservative estimate, because objects with larger redshift errors have lower S/N and thus have less weights in the stacked spectrum. Adopting the instrumental resolution of σ instr = 300±7 km s −1 (Onodera et al. 2010) , by combining these numbers together, the stellar velocity dispersion of the stacked spectrum can be derived as σ = 330 ± 41 km s −1 . This is in good agreement with the average stellar velocity dispersion, σ inf = 298 ± 71 km s −1 , inferred from the structural parameters and stellar masses of the objects (Bezanson et al. 2011 ).
Broadening correction
The resulting σ tot is in general larger than that of the original Lick/IDS system which is 200-360 km s −1 depending on the indices. Therefore, the indices measured on our stacked spectrum have to be corrected to the Lick resolution. For this purpose, we have computed the Lick indices on the MILES SSP models (Vazdekis et al. 2010 ) by convolving the model spectra with the original Lick resolution (Worthey & Ottaviani 1997; Schiavon 2007) Mgb, Fe4383, Fe4531, Fe5270, Fe5335, and Fe5406 . The Hβ index is widely used as an age indicator for being less contaminated by metal lines, but it has not been used in this analysis for the following two reasons. First, because there might be a contribution from emission line partially filling the absorption. Comparing the stacked spectra and best-fit template returned by pPXF, we have measured a 3σ upper limit of 1 Å to the equivalent width of the Hβ emission line. On the other hand, the higher-order Balmer lines such as Hγ and Hδ are less affected by the emission line filling, with an equivalent width 0.5 Å. Second, the Hβ indices in Galactic globular clusters are too weak even for the oldest SSP models to reproduce (Poole et al. 2010) . We would like to note, however, that the inclusion of Hβ to the set of indices above would not affect the results and conclusions presented here.
The stellar population parameters, age, [Z/H], and [α/Fe], have been derived by comparing the Lick indices measured on the composite spectrum with those calculated from SSP models with variable abundance ratios 10 ( Thomas et al. 2011) . Since the models give absolute fluxes by making use of fluxcalibrated stellar spectral templates, the observed indices do not need to be converted to the Lick/IDS response. The models span the parameter space 0.1 < age/Gyr < 15, −2. Confidence regions in 2 dimensional projections have been derived as areas which enclose 68.2%, 95.4%, and 99.7% of the total volume of the projected probability distributions and the results are shown in the top panels in Figure 3 . The probability distributions are marginalized to a one dimensional parameter space (bottom panels in Figure 3) , by adopting median values for each stellar population parameters and 16-and 84-percentiles as corresponding 1σ confidence intervals, respectively. In this way we have obtained log(age/Gyr) = 0.18 + . . Figure 3 . The probability distributions of stellar population parameters for the quenched galaxies at z ∼ 1.6. Top: Two-dimensional probability distributions in the ( measurement of the various indices and the quality of the fits, whereas systematic errors coming from the synthetic models could be significantly larger (e.g., Trager et al. 2008 ).
(F)
5. DISCUSSION 5.1. Redshift evolution of stellar populations in quenched galaxies Figure 4 compares the stellar population luminosity weighted age, [Z/H], and [α/Fe] of various sets of quenched galaxies at different redshifts. Having derived an age log(age/Gyr) = 0.18 +0.04 −0.06 , or 1.5 Gyr, from the composite spectrum, we calculate that the passive aging by ∼ 9.5 Gyr from z = 1.6 to z = 0, i.e., to an age of 11 Gyr, will bring the stellar populations of these galaxies to the point indicated by the arrowhead in Figure 4A . This is in excellent agreement with the luminosity-weighted ages of stellar populations in local quenched galaxies of similar velocity dispersions by Spolaor et al. (2010) , in which the stellar population parameters have been derived via Lick indices using Thomas et al. (2003) stellar population models which are equivalent in this respect to the Thomas et al. (2011) models adopted in this study. Figure 4B shows the age-redshift relations for different values of the formation redshift z f (grey solid lines), assuming a single burst of star formation at z f . In this SSP approximation, the average age of ∼ 1.5 Gyr indicates a formation redshift 2 z f 3 for the bulk of the stars. Figure 4B also shows the stellar population ages of similarly massive, quenched galaxies in clusters at z = 0.54, 0.83, and 0.89 (Jørgensen & Chiboucas 2013) . These are currently the only ages for quenched galaxies at these intermediate epochs and comparable σ that have been derived in an homogeneous way as for our galaxies, i.e., using the Lick indices and the Thomas et al. (2011) models to derive the stellar population parameters from them. Apart from a possible (small) bias due to the special location in high density peaks, these lower redshift cluster galaxies fit remarkably well along the evolutionary trend expected for pure passive evolution from z = 1.6 to z = 0. 1.2 times solar, of our composite z = 1.6 galaxies is the same as that of local quenched galaxies of similar velocity dispersion (Spolaor et al. 2010) , shown as orange points. Note that the z = 0 values are measured within one half-light radius r e , while the the apertures used to extract the spectra of the z = 1.6 sample is about (2 − 3)r e . The systematic offset on metallicities arising from such different apertures is however negligible, because the contribution of the outermost regions is very small and (at least in local galaxies) the measured metallicity converges to a stable value for apertures ≥ r e (Kobayashi & Arimoto 1999) . For comparison, the metallicities for the local sample measured within the central r e /8 are shown as blue points in Figure 4C , and the [α/Fe] ratio (E, F) of stellar populations in quenched galaxies at various redshifts. In each panel, the red symbol represents our measurement at z = 1.6. In the right panels, the thick and thin error bars correspond to the standard deviation and range of redshift of the sample, respectively. Blue and orange symbols show z = 0 values within re/8 and re, respectively, of local quenched galaxies (Spolaor et al. 2010 ). In the right panels, blue and orange points are the corresponding median properties of the local sample with σ > 200 km s −1 with the 1σ scatter of the corresponding distribution. The red arrowhead in panel (A) shows the ending point of a purely passive evolution of the stellar populations of our sample galaxies down to z = 0. Grey circles in the right panels show the values for massive quenched galaxies with log σ( km s −1 ) > 2.24 in intermediate redshift clusters (Jørgensen & Chiboucas 2013) . Their measurements were aperture corrected in order to match the nuclear measurements at z = 0. In panel (B), the grey solid lines show, from thin to thick, the age of simple stellar populations made at a formation redshifts from 1.5 to 4.0, as indicated in the insert.
boucas 2013, see also Jorgensen et al. 1995; Jørgensen et al. 2005) . While the correction would not be important for age and [α/Fe], given the little radial gradients in the local sample seen in Figure 4 , it could affect [Z/H] significantly when using different apertures. Therefore, a downward offset of up to ∼ 0.3 dex would be required to make a comparison of the intermediate-z data points with our measurement at z = 1.6 and those at z = 0 of Spolaor et al. (2010) shown with the orange point in Figure 4D . The α-to-iron abundance ratio measured for the z = 1.6 quenched galaxies, [α/Fe] = 0.36 Thus, it appears that the chemical composition is indeed frozen in during passive evolution. from z = 1.6 to 0 and we conclude that the stellar population content, i.e., their age, metallicity and α-element enhancement of our z = 1.6 galaxies, qualify them as possible progenitors of similarly massive quenched galaxies at z = 0, upon their purely passive evolution.
5.2. Star formation history of quenched galaxies at z = 1.6
and their precursors
We turn now to the other side in cosmic times, i.e., towards higher redshifts and earlier epochs, trying to identify possible progenitors of our quenched galaxies at z = 1.6. At higher redshift star-forming galaxies dominate the massive galaxy population (e.g., Ilbert et al. 2013; Muzzin et al. 2013) and it is among them that precursors should be sought. Their average age ∼ 1.5 Gyr of our quenched galaxies at z = 1.6 indicates a formation redshift of z f 2.5 for their stellar populations, as also indicated in Figure 4B . As already mentioned, having been derived from fits to SSPs, this "age" is essentially a measure of the time elapsed since their star formation was quenched. Indeed, if the SFR was rapidly increasing prior of quenching, as expected for the evolution of main sequence galaxies at such high redshift (Renzini 2009; Peng et al. 2010b) , then the corresponding formation redshift must also be close to the quenching epoch, as most of the stars formed in a short time just prior to quenching. By the same token, these authors argue that an α-element enhancement relative to the solar abundance ratios is the natural outcome of such a (quasi-exponential) rapid increase in SFR.
Following Thomas et al. (2005) , we use the measured [α/Fe] ratio to estimate the star formation time scale of the precursors as log ∆(t/Gyr) ≈ 6 × Given the large error bars and the approximate nature of this relation, we conservatively adopt a 1σ upper limit ∆t 350 Myr, and translate this time scale into a specific SFR (sSFR ≡ SFR/M) = 1/∆t 3 Gyr −1 . At the median stellar mass of our sample, the corresponding lower limit for the SFR just prior to quenching is therefore SFR 680 M yr −1 . This matches very well the measured SFR of main sequence star-forming galaxies of similar stellar mass at z 2 (e.g., Daddi et al. 2007; Pannella et al. 2014; Rodighiero et al. 2014) .
As a further consistency check, adopting an exponentiallyrising SFR as appropriate for star-forming main-sequence galaxies starting at z 2, we estimate that a SFR culminating at ∼ 400 M yr −1 just prior to quenching would be required to build a stellar mass of 2.3 × 10 11 M by z = 2.5, i.e., at the average quenching epoch and mass for our sample. Again, this is in good agreement with the pre-quenching SFR that we have inferred from the [α/Fe] ratio.
Detailed studies of massive, M > 10 11 M star-forming main sequence galaxies at z > 2 with resolved kpc-scale gas kinematics, SFR and stellar mass densities, and emission line profiles secured in recent years (Förster Schreiber et al. 2009, and in preparation) show that their high SFRs are mostly sustained at high galactocentric distances (Genzel et al. 2014b; S. Tacchella et al., in preparation) . By contrast, the central regions of such galaxies are already relatively quenched, and have reached central mass concentrations that are similar to those of z = 0 quenched spheroids (S. Tacchella et al., in preparation). These inner quenched spheroidal components argue for an inside-out quenching process, as expected for either AGN feedback or gravitational quenching. Moreover, these galaxies show strong nuclear outflows running at up to ∼ 1600 km s −1 , which are most likely driven by AGN feedback (Förster Schreiber et al. 2014; Genzel et al. 2014a ). These outflows provide tantalizing support AGN-related processes vein responsible for quenching, though evidence for AGN feedback is not necessarily evidence for AGN quenching.
In summary, these z 2 galaxies comply with all requirements to qualify them as possible precursors of our quenched galaxies at z ∼ 1.6. First because all z ∼ 2.5 massive galaxies on the main sequence must soon be quenched, otherwise they would dramatically overgrow (Renzini 2009; Peng et al. 2010b) , and second because they already show the mentioned indications that the quenching process may be already under way. These evidences seem to support the notion of mass quenching of star formation in massive galaxies (Peng et al. 2010b) being predominantly an internal process, such as either gravitational quenching or quenching by AGN feedback, as opposed to an external process such as halo quenching.
5.3. Size growth and progenitor bias As we showed above, a purely passive evolution to redshift zero of our quenched galaxies, i.e., without any further star formation, will bring them to closely match the stellar population properties of their counterparts in the local Universe. However, quenched galaxies at high redshifts are known to have smaller sizes compared to local galaxies (e.g., Daddi et al. 2005; Trujillo et al. 2006; Cimatti et al. 2008; van Dokkum et al. 2008; Cassata et al. 2011; van der Wel et al. 2014) . The average effective radius of 2.7 kpc that we have measured for the 24 z = 1.6 galaxies is, indeed, a factor ∼ 2.5 smaller than that for local quenched galaxies of the same stellar mass (Table 1; Newman et al. 2012) . Two main processes have been suggested and extensively discussed as responsible for the average size growth of quenched galaxy populations: growth of individual galaxies and addition of larger size quenched galaxies at later epochs. A series of minor dry mergers with other quenched galaxies is one effective way to increase the sizes of individual galaxies, by adding an extended envelope to a pre-existing compact galaxy. (e.g., Hopkins et al. 2009; Naab et al. 2009; Cappellari 2013) . Based on the study of abundance ratios of different elements, Greene et al. (2012 Greene et al. ( , 2013 found that stellar populations in the outskirts ( 2r e ) of nearby massive early-type galaxies (σ 150 km s −1 ) are different from those in the inner regions for being composed of similarly old (∼ 10 Gyr) but more metal-poor ([Fe/H] ∼ −0.5) and α-element enhanced ([α/Fe] ∼ 0.3) stars. They argue that these distinct stellar populations have formed at z > 1.5-2 in less massive systems and then accreted to the outskirts of massive quenched galaxies. This scenario is consistent with our result, as the stellar population parameters of both low and high redshift galaxies considered here have been measured essentially within the central part of the galaxies.
One problem with this mechanism for growing galaxies is that it requires minor merging events to be with gas-poor galaxies, otherwise gas would sink to the bottom of the potential well leading to further star formation resulting in an even more compact galaxy (Naab et al. 2009) . However, at z 1.5 most galaxies appear forming stars in a gas-rich condition (e.g., Daddi et al. 2010; Tacconi et al. 2010 Tacconi et al. , 2013 Sargent et al. 2014) and it seems rather difficult for massive quenched galaxies to accrete selectively quenched galaxies and avoid gas accretion and subsequent star formation. Still, one may speculate that Galactic conformity, with satellites to quenched centrals being more likely quenched as well, which has been traced up to z 2 (e.g., Weinmann et al. 2006; Hartley et al. 2014; Knobel et al. 2014) , might help to make small systems quiescent before they are accreted.
So, an alternative, or additional process to secularly grow the average size of quenched galaxies is also being considered. At stellar masses 10 11 M , the number density of quenched galaxies increases by about one order of magnitude between z = 2 and z = 0 (e.g., Cassata et al. 2013; Muzzin et al. 2013) , with most of the increase for massive galaxies having taken place by z ∼ 1 (e.g., Cimatti et al. 2006) . Thus, it has been argued that at least part of the evolution in the average size of quenched galaxies should be due to the continuous creation of new galaxies that are at quenching are already larger than those former at earlier times (e.g., Carollo et al. 2013; Poggianti et al. 2013) . Indeed, also the average size of star-forming galaxies increases with time, running above and nearly parallel to the average size of quenched galaxies (van der Wel et al. 2014) . So, newly quenched galaxies are likely to be larger than pre-existing ones and smaller than the starforming progenitor also due to the fast fading of the quenched disk (Carollo et al. 2014) . This effect, a kind of progenitor bias, could explain the apparent size evolution of quenched galaxy population without invoking the size growth of individual galaxies, though the two effects are also likely to work together (Belli et al. 2014a) .
For these reasons, a comparison between galaxy populations at different redshifts and fixed stellar mass could suffer from this progenitor bias. However, Bezanson et al. (2012) showed that the number density of quiescent galaxies with large σ inf ( 250 km s −1 ) is remarkably constant at 0.3 < z < 1.5, which indicates the build-up of quiescent galaxy population with high velocity dispersions was largely complete by z ∼ 1.5. Thus, a comparison based on stellar velocity dispersions could greatly reduce the effect of the progenitor bias. Indeed, in Figure 4 essentially all the nearby early-type galaxies presented in Spolaor et al. (2010) with σ > 250 km s −1 have stellar population ages 10 Gyr. Age distribution of morphologically selected SDSS early-type galaxies with σ 250 km s −1 and 0.05 < z < 0.06 also peaks at age 10 Gyr (Thomas et al. 2010) , which is in good agreement with the expected age for our z = 1.6 sample upon pure passive evolution down to z ∼ 0.05.
6. SUMMARY Using a rest-frame optical composite spectrum of 24 massive quenched galaxies at z = 1.6 and with M = 2.5 × 10 11 M , we have derived luminosity-weighted stellar population parameters from Lick absorption line indices, namely age, [Z/H], and [α/Fe] and have discussed their past SFH and subsequent evolution toward lower redshifts, identifying the likely progenitors and descendants of similar galaxies. Our main results can be summarized as follows.
• The average stellar population properties are derived as log(age/Gyr) = 0.18 −0.09 . The average stellar velocity dispersion of these galaxies is σ = 330 ± 41 km s −1 , as measured on the composite spectrum,
• The z = 1.6 galaxies show [Z/H] and [α/Fe] in excellent agreement with those in local early-type galaxies at similar velocity dispersions. Pure passive evolution to z = 0 brings the age of these z = 1.6 quenched galaxies to coincide with that of their local counterparts at the same σ . Therefore, the stellar populations of the galaxies in our sample qualify such galaxies as plausible progenitors of similarly massive quenched galaxies in the local Universe.
• The age of 1.5 Gyr for the bulk of stars in these galaxies points to a formation redshift z f ∼ 2.5, where indeed massive galaxies are very rapidly growing in mass and therefore must soon be quenched.
• The [α/Fe] value indicates a star formation time scale of ∆t 350 Myr which in turn implies a typical SFR of ∼ 600, M yr −1 just prior to quenching. This SFR is well within a range covered by similarly massive mainsequence galaxies at z ∼ 2.5.
• The known properties of massive z ∼ 2.5 mainsequence galaxies qualify them as likely precursors of our quenched galaxy at z = 1.6 and rapid, internal processes such as AGN feedback and gravitational quenching seem the likely mechanisms responsible for quenching star formation.
One limitation of the present study is that we had to stack individual spectra to an equivalent integration time of ∼ 200 hours in order to achieve a high-S/N, adequate for the analysis of the Lick indices. Further studies based on high-S/N spectra of individual galaxies are needed to account for a diversity in high redshift quenched galaxy population (e.g., Belli et al. 2014a) . This is becoming possible by deep absorption line spectroscopy with the new generation of near-IR spectrographs such as Keck/MOSFIRE and VLT/KMOS, though very long integration times will still be necessary.
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